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Description 

BACKGROUND OF THE INVENTION 

5 This invention relates to a method and device for ultrasonic cleaning which efficiently separates and removes radi- 

oactive solids such as crud or scale adhering to the various members, in particular hollow square-shaped members, 
which make up a light-water reactor atomic power plant, by irradiating them with ultrasonic waves. 

One example of a light-water reactor atomic power plant is a boiling water reactor (hereinbelow abbreviated as 
BWR). Typically this is constructed as follows. A reactor pressure vessel contains a reactor core and cooling water. The 

10 reactor core consists of a plurality of fuel assemblies and control rods etc. The cooling water flows upwards over the 
core and is heated by the heat of the nuclear reaction of the core. The heated cooling water assumes a two-phase flow 
condition consisting of water and steam and is introduced into a steam/water separator arranged above the core, where 
the water and steam are separated. The separated steam is further passed into a steam drier arranged above the sep- 
arator, where it is dried to produce dry steam. This dry steam is supplied for power generation by being fed to a turbine 

15 system through a main steam pipe connected to the reactor pressure vessel. After being used in the turbine to generate 
electricity, the steam is fed to a condenser where it is condensed and liquefied and returned to condensate. The water 
which was separated in the steam/water separator f tows down through a downcomer and is mixed with the feedwater 
returned from the turbine system and fed to below the core. The above cycle is then repeated. 

In an atomic power plant, corrosion products generated by corrosion of the various pipes and equipment etc. which 

20 make up the atomic power plant are the main cause of radiation exposure. These corrosion products acquire their radi- 
oactivity by being irradiated by the fuel assemblies, to which they adhere when they are transported to the fuel assem- 
blies by the cycle described above. Some of these irradiated corrosion products then separate from the fuel assemblies 
and become suspended in the coolant water in the reactor or are dissolved etc. and dispersed in the atomic power sys- 
tem and adhere to the pipes and equipment, raising the proportion of radioactivity in the atmosphere. This results in 

25 radioactive exposure when workers enter this atmosphere. Removal of such radioactive crud or scale adhering to the 
fuel assemblies and various items of equipment is therefore very effective in greatly reducing the amount of exposure 
to radioactivity in an atomic power plant. Removal of this radioactive crud is also important in the case of fuel, from the 
point of view of preventing dispersal of radioactive pollutants during handling, when moving spent fuel out into spent 
fuel storage installations or into nuclear fuel reprocessing plants etc. Equipment onto which radioactive corrosion prod- 

30 ucts adhere can be classified into: square-shaped hollow items such as fuel racks, which hold the fuel assemblies, and 
cylindrical items such as pipes. This description is concerned in particular with a cleaning technique for removing cor- 
rosion products adhering to square-shaped hollow items. 

Taking a fuel assembly as an example of a square-shaped hollow item, a prior art fuel assembly cleaning device 
will now be described. One example is a water-spray cleaning device as disclosed in issued Japanese Patent PuWica- 

35 tion Sho. (Tokko-Sho) 58-1 7440. This device will be described with reference to Fig. 1 and Fig. 2. Fig. 1 is a view show- 
ing the overall layout of the entire device. In Fig. 1 , 1 is a wash chamber. This wash chamber 1 is of elongate cylindrical 
shape such as to surround fuel assembly 2 and spray nozzle head 3. As shown in Fig. 2, spray nozzle head 3 is 
equipped with a square-section through-hole 4 matching the shape of fuel assembly 2, fuel assembly 2 being inserted 
within this through-hole 4. A plurality of spray nozzles 5 are mounted on the inner circumference of through-hole 4. After 

40 removing the channel box, high pressurized water is sprayed onto fuel assembly 2 through this plurality of spray nozzles 
5. Spray nozzle head 3 is mounted such that it can be raised and lowered along wash chamber 1 . The construction of 
a drive unit which carries out this raising and lowering action is described below. A motor 8 is arranged on a floor 7 
above fuel pool 6, gearing 9 being coupled to a rotary shaft of this motor 8. This gearing 9 is coupled to a screw bar 1 1 
by means of a swivel joint 10. A nut 12 mounted on spray nozzle head 3 is threaded onto this screw bar 1 1 . Reference 

45 numeral 1 3 denotes a guide bar for ensuring that spray nozzle head 3 is driven vertically. Thus, when motor 8 is started 
up, its rotation is reduced by gearing 9, its transmission direction is converted, and it is transmitted to screw bar 1 1 
through swivel joint 10. By the rotation of this screw bar 11, spray nozzle head 3 is raised and lowered vertically, by 
means of a nut 12, whilst being guided by guide bar 13. 

A water feed unit is connected to spray nozzle head 3 and high pressurized water is fed from this water feed unit. 

so In more detail, a water feed pump 1 4 is arranged on floor 7 and pool water 6b in fuel pool 6 is sucked in through suction 
pipe 15 by this water feed pump 14. Pool water 6b which is sucked in is fed to each nozzle 5 of spray nozzle head 3 
through a blowdown hose 17 so that high pressurized water can be sprayed from these nozzles onto fuel assembly 2. 

A drainpipe 18 is arranged at the bottom 6a of fuel pool 6. Reference numeral 19 in Figure 1 denotes a centrifugal 
separator. Centrifugal separator 19 and the bottom of wash chamber 1 are connected through a manifold 20. An under- 

55 water vacuum pump 21 is inserted in this manifold 20. A crud receiver 24 is connected through outlet nozzle 22 and a 
remotely operated disconnective joint 23 to below centrifugal separator 19. In Figure 1, reference numeral 25 indicates 
an opening, and 26 indicates a support which supports fuel assembly 2 from below. Pool water 16 containing crud 
which flows out from below fuel assembly 2 is fed into centrifugal separator 19 where it is separated into clean pool 
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water and a solid fraction (separated crud). The pool water 16 is discharged through opening 25 into fuel pool 6 while 
the solid fraction is collected in crud receiver 24. 

However, a fuel assembly cleaning device constructed as above is subject to the following problems: 

5 (1) Since the high pressurized water is sprayed from outside the fuel assembly within wash chamber 1 in a condi- 

tion with the channel box removed from fuel assembly 2, or with a fuel assembly which originally does not have a 
channel box mounted within wash chamber 1, the high pressurized water is prevented from penetrating into the 
interior because it is obstructed by the fuel rods outside the fuel assembly. This prevents crud adhering to fuel rods 
which are located on the inside of the fuel assembly from being removed. 

10 (2) A large amount of high pressurized water is needed in cleaning fuel assembly 2. This means that water feed 
pump 14 and/or underwater vacuum pump 21 which is used for removing the water which is supplied become very 
large in size and so difficult to handle. Furthermore there are anxieties regarding being able to guarantee the 
necesssary installation space and regarding contamination of these devices themselves, leading to concern that 
large amounts of radioactive waste etc. may be generated. 

is (3) During the cleaning process the channel box has to be mounted and removed. This complicates the operation 
and increases exposure of workers. Furthermore there are safety problems due to increased possibility of damag- 
ing the fuel rods since fuel is manipulated with the channel box removed. 

(4) The amount of solids adhering to the fuel tends to be decreased in modern plants thanks to management of 
water quality etc. but adhesion is stronger. This means that one cannot expect to obtain the same cleaning effi- 
20 ciency as in conventional plants. 

Another practical example using ultrasonic waves will now be described. Examples of fuel cleaning using ultrasonic 
waves are: Early Japanese Patent Publication Sho. (Tokkai-Sho) 55-104799, Early Japanese Patent Publication Sho. 
(Tokkai-Sho) 59-58399, Early Japanese Utility Model Publication Sho. (Jitsukai-Sho) 60-113600 and "Feasibility of 

25 Using Nonchemical Methods to Decontaminate Fuel Rods": EPRI NP-4122, June 1985. EPRI NP-4122 will now be 
described with reference to Fig. 3 and Fig. 4. Reference numeral 31 in Figure 3 denotes a wash chamber. A fuelassem- 
bly 32 and ultrasonic transducer 33 are disposed within this wash chamber 31 . Fuel assembly 32 and ultrasonic trans- 
ducer 33 are arranged parallel to each other, so that the ultrasonic waves are incident at right angles on the surface of 
the fuel assembly. An ultrasonic generator 34 is connected to ultrasonic transducer 33 by means of a cable 37. Ultra- 

30 sonic transducer 33 can be raised and lowered along a guide 36 by means of a translating mechanism 35. That is, ultra- 
sonic waves are directed onto fuel assembly 32 whilst raising and lowering ultrasonic transducer 33, thereby removing 
crud adhering to the fuel rods. A filter 39 is connected to the foot of wash chamber 31 through a drainpipe 38. A pump 
41 is connected to this filter 39 through pipe 40. Delivery pipe 42 of this pump 41 is connected to the top of wash cham- 
ber 31. 

35 With the above construction, radioactive crud adhering to fuel assembly 32, constituting a square-shaped article to 
be cleaned, is removed whilst raising and lowering ultrasonic transducer 33. The crud which is removed flows down 
together with the pool water and is conducted to filter 39 through drainpipe 38. The crud present in the pool water is 
removed by filter 39 and cleaned pool water is returned into wash chamber 31 from the top through pump 41 and deliv- 
ery pipe 42. 

40 An ultrasonic cleaning device constructed as above is subject to the following problems: 

(1) In the case of this device also, the channel box is to be removed from fuel assembly 32 or cleaning is to be car- 
ried out with a fuel assembly which does not have a channel box. Thus, as in the case of the prior art water jet 
device described above, a complicated operation is inevitable and there is risk of damaging the fuel rods. 
45 (2) The ultrasonic transducer is arranged in the wash chamber together with the fuel assembly so the ultrasonic 
transducer is contaminated by radioactive substances etc. and so comes to constitute radioactive waste. 
(3) Optimum conditions for ultrasonic irradiation are not considered so high cleaning efficiency is not possible. 

Furthermore, regarding cleaning of the fuel rack, which is a square-shaped hollow item, methods are employed 
so such as removing solids adhering thereto by spraying with high pressure water, by inserting water jet nozzles in the 
same way as with the fuel assembly on the inside surface of the tube into which the fuel is inserted. However, as in the 
case of fuel assembly cleaning, large quantities of high pressurized water are required. This means that equipment 
such as pumps has to be made of large size, making it difficult to manipulate and posing problems regarding installation 
space and contamination of the device itself, and concerns that a large quantity of radioactive waste will ensue. 
55 As described above, with a water jet system, crud adhering to fuel rods which are positioned on the inside of the 
hollow square-shaped item constituted by a fuel assembly is not removed. Furthermore, because the cleaning is 
accompanied by an operation to remove and refit the channel box before and after cleaning, it requires a long time and 
there is risk of damaging the fuel during removal and refitting of the channel box. The large size of the equipment is also 
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a concern. Also in the case of a cleaning device using ultrasonic waves, removal and refitting of the channel box is con- 
sidered necessary, and, since the ultrasonic transducer is arranged within the water chamber in which the fuel assem- 
bly constituting the hollow square-shaped article to be cleaned is placed, it gets contaminated, creating a problem of 
radioactive waste disposal. 

5 JP-A-4324400 describes a system of this kind in which more than one ultrasonic transducer is employed to achieve 

"in-situ" cleaning of fuel rods. 

An object of the invention is to provide an ultrasonic cleaning apparatus which is capable of achieving highly effi- 
cient uniform cleaning of solid material such as radioactive crud which adheres strongly to a hollow square fuel assem- 
bly or spent fuel rack yet which has no adverse effect at all on fuel etc. stored at the periphery of the pool where cleaning 

10 is performed. 

Accordingly the present invention provides ultrasonic cleaning apparatus for cleaning a fuel assembly and the 
related method as defined in claims 1 and 1 1 , respectively. 

The ultrasonic cleaning apparatus as described also has the effect of preventing leakage of ultrasonic waves from 
the ultrasonic transducers to areas external to the device. 
is In the accompanying drawings: 

Fig. 1 is a layout diagram showing the overall layout of a prior art water jet cleaning device. 
Fig. 2 is a plan view showing the spray nozzle head used in Rg. 1 to a larger scale. 
Fig. 3 is an overall layout diagram showing a prior art ultrasonic cleaning device. 
20 Fig. 4 is a side view showing the ultrasonic transducers and raising and lowering mechanism used in Fig. 3. 

Fig. 5 is an overall layout diagram illustrating an ultrasonic cleaning device constituting an embodiment of this 
invention. 

Fig. 6 is a plan view showing the construction of an ultrasonic transducer translating mechanism used in Fig. 5. 

Fig. 7 is a longitudinal sectional view of the ultrasonic transducer translating mechanism shown in Fig. 6. 
25 Fig. 8 is a plan view of an ultrasonic translating mechanism according to a further embodiment of this invention. 

Fig. 9 is a longitudinal sectional view of the ultrasonic transducer translating mechanism shown in Fig. 8. 

Fig. 10 is a characteristic showing a comparison of the crud cleaning effects for fuel rods in the central region and 

corner region when irradiated with ultrasonic waves from the perpendicular (90° ) direction. 

Fig. 1 1 is a characteristic showing a comparison of the crud cleaning effects for fuel rods in the corner region when 
30 irradiated with ultrasonic waves from the perpendicular (90° ) direction and the 45° direction. 

Fig. 12 is a characteristic showing a comparison of the crud cleaning effect for fuel rods depending on whether a 

steel housing is present or not. 

Fig. 13 is a characteristic showing the principle of cavitation by ultrasonic waves. 
35 PETAIIEP DESCRIPTION OF THE PREFERREP EMPOPIMENTS 

An embodiment of an ultrasonic cleaning method according to this invention and a device therefor will now be 
described with reference to the drawings. 

Fig. 5 is an example of the construction of an ultrasonic wave cleaning device when a first embodiment of this 

40 invention is applied to a fuel assembly. Reference numeral 101 in Figure 5 is the fuel pool. Fuel pool water 102 is 
accommodated in this fuel pool 1 01 . An operating floor 1 03 is provided above fuel pool 1 01 . A fuel supporting structure 
104 is arranged within this fuel pool 101. A fuel assembly 105 is supported in a condition with a channel box 106 
mounted. This fuel supporting structure 104 comprises a support stand 109 which supports an upper bundle support 
107 and a lower bundle support 108. Support stand 109 stands on a base 109a. At the top of fuel assembly 105 is 

45 mounted flexible manifold 1 23 for supplying pool water 1 02 of low dissolved gas concentration into channel box 106. A 
feed nozzle 124 for supplying cleaning liquid 125 of low dissolved gas concentration is arranged at the tip of manifold 
123. Furthermore, on manifold 123 for supplying pool water 102, there is arranged a feed pump 129 for supplying pool 
water 102 to a plurality of fuel rods 1 1 5, which is equipped with a channel box 1 1 6 and a meter for monitoring the con- 
centration of dissolved gas in pool water 102, specifically, dissolved oxygen meter 126 for monitoring the oxygen con- 

50 centration. An ultrasonic transducer translating mechanism 1 10 is mounted on support stand 109 in such a way that it 
can be raised and lowered. Ultrasonic transducers 111 arranged on this ultrasonic transducer translating mechanism 
1 10 is connected through a cable 1 12 to an ultrasonic generator 1 13 arranged on operating floor 103. 

Ultrasonic transducers 111 are held by ultrasonic transducer translating mechanism 110 and can be raised and 
lowered vertically with prescribed speed by means of raising and lowering mechanism 1 14 whilst maintaining the same 

55 irradiation surface of fuel assembly 105 and irradiating distance therefrom. Ultrasonic waves from ultrasonic transduc- 
ers 1 11 arranged facing each of the faces of fuel assembly 105 are directed onto fuel assembly 105 with channel box 
106 still mounted whilst raising and lowering ultrasonic transducer translating mechanism 1 10 by means of raising and 
lowering mechanism 114, thereby uniformly removing solids such as radioactive crud or scale adhering to the plurality 
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of fuel rods 115 which are accommodated on the inside face of channel box 106 or inside channel box 106. The solids 
such as radioactive crud or scale which are removed are washed down inside channel box 106 by pool water 102 and 
are sucked out by discharge pump 118 through drain nozzle 116, adjusting valve 130 and drain pipe 117 connected to 
lower bundle support 108. The crud or scale is then transferred through delivery pipe 1 19 to crud collecting filter 120 

5 where the solids in pool water 102 are thus removed. Cleaned fuel pool water 102 from which the solids have been 
removed is then again discharged into fuel pool 101 through pipe 121 . Ease of handling and safety in respect of filter 
120 may be further ensured by supporting it on a filter holder, if required. 

The above outlines the method of ultrasonic cleaning according to this embodiment and a device therefor. In the 
above embodiment, pool water 102 of low dissolved gas concentration was taken in from the top of fuel assembly 105 

10 but there would be no problem in providing a suction nozzle 130 at the foot of fuel assembly 1 05. Further, as the method 
of moving over the surface to be irradiated by ultrasonic waves, an example was described in which ultrasonic transduc- 
ers 11 1 were raised and lowered, but there would be no problem in raising a lowering fuel assembly 105 itself. 

The description is continued in more detail below. The layout of ultrasonic transducer translating mechanism 110 
is shown in Fig. 6 and Fig. 7. Fig. 6 is an example layout of ultrasonic transducer translating mechanism 110 seen from 

is above. Fig. 7 is an axial cross-sectional view of this mechanism 1 1 0. Reference numeral 127 in Fig. 6 denotes an ultra- 
sonic wave reflecting structure steel housing which covers ultrasonic transducers 1 1 1 which are mounted on ultrasonic 
transducer translating mechanism 1 10. Steel housing 127 is employed so that any of the ultrasonic waves generated 
by ultrasonic transducers 1 1 1 which have not passed through channel box 1 1 6 are again reflected by steel housing 127 
so that they are once more passed into channel box 106. In this constructional example, the method is adopted of 

20 arranging ultrasonic transducers 111 in a row on the inside of steel housing 1 27 with their directions of irradiation mutu- 
ally offset by 45° angles, so that the ultrasonic waves which are emitted from ultrasonic transducers 1 1 1 towards the 
four sides of channel box 1 06 are incident from the perpendicular (90° ) and 45° direction onto each side face of channel 
box 106. These ultrasonic transducers 1 1 1 are connected to an ultrasonic generator 1 13 by means by cable 112. 
On upper cover 132 of steel housing 127 there is provided an intake 133 for intake of pool water 102 into the hous- 

25 ing. In lower cover 134 there is provided an outlet 135 for outlet of pool water 102 which has been taken in. Outlet 135 
is connected to discharge pump 118 through pipe 136. With this construction, contamination of ultrasonic transducers 
1 1 1 can therefore be reduced, since even if there should be any solids adhering to the outside of channel box 106, sep- 
aration of such solids by ultrasonic irradiation cannot result in leakage of such separated solids to the periphery of pool 
101, such solids being reliably collected by crud collecting filter 120. Additionally, around the periphery of steel housing 

30 127 there is provided an ultrasonic wave leakage prevention structure 131 for preventing leakage and diffusion of ultra- 
sonic waves to pool 101 by passing through steel housing 127. Ultrasonic wave leakage prevention structure 131 is 
constucted to cover the entire steel housing 127. Since, if the thickness of steel housing 127 is too small, ultrasonic 
waves can pass through it unaffected, a housing made of stainless steel of at least 0.5 cm thickness is employed. Also 
a raising and lowering wire 128 is attached to raising and lowering mechanism 1 14 for raising and lowering ultrasonic 

35 transducer translating mechanism 110 vertically, thereby making it possible to perform irradiation with ultrasonic waves 
whilst raising and lowering ultrasonic transducer raising and lowering mechanism 110 with prescribed speed. 

In the above embodiment, a method was described in which ultrasonic transducers 1 1 1 were arranged in a single 
row. However, as shown in Fig. 8 and Fig. 9, the same effect could be obtained by arranging ultrasonic transducers 111 
in two rows of four transducers each, each row being offset by 45°. Furthermore, in this embodiment, a method was 

40 described wherein simultaneous cleaning can be performed of the four faces of fuel assembly 105 by irradiation at 90° 
and 45°. However, cleaning could likewise be performed by irradiation of two adjacent side faces (two faces at right 
angles) of the item to be cleaned with ultrasonic waves at 90° and 45°, the remaining two side faces being cleaned by 
rotating the fuel assembly or ultrasonic transducers by 180°. In this case the number of ultrasonic transducers can be 
cut to four. 

45 The reasons why irradiation with ultrasonic waves is carried out with the angle of direction of ultrasonic transducers 
1 1 1 with respect to fuel assembly 105 being altered in 45° steps will now be described. Fig. 10 is a chart showing a 
relative comparison (relative comparison taking the cleaning effect at fuel rod (A) at the centre as being 1) between 
cleaning effect and fuel rod position in the fuel assembly, when cleaning is performed by a method in which the ultra- 
sonic waves emitted from ultrasonic transducers 111 towards the side faces of channel box 106 are incident at right 

50 angles (90° ) onto channel box 106, the faces of ultrasonic transducers 1 1 1 being arranged parallel to fuel assembly 
105. From these results it can be seen that, when the ultrasonic waves are incident from right angle directions with 
respect to the surface of fuel assembly 105, the efficiency of cleaning of the fuel rods at the edge corners drops in com- 
parison with the efficiency of cleaning of the fuel rod at the centre. In particular, there is a severe drop in cleaning effi- 
ciency of a fuel rod at the corner (position (D)). This is believed to be due to reasons such as that channel box 106 of 

55 fuel assembly 1 05 is not of perfect hollow square shape but is rounded at the corners: the angle of incidence of the ultra- 
sonic waves at these portions therefore deviates from 90°, causing a drop in the ultrasonic wave transmisshvity 
(increased ultrasonic wave reflection); or the ultrasonic wave intensity is lower for te edge region of ultrasonic transduc- 
ers 1 1 1 than in the middle region. 
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The test conditions were: ultrasonic transducer frequency: 26 Hz; output 600 W/transducer, two transducers (per- 
pendicular 2-face irradiation): irradiation distance (distance from the outside surface of the channel box to the ultrasonic 
transducer irradiating surface): 1 00 mm; simulation water depth 6 m; cleaning time: 3 min. The relationship between the 
position of the ultrasonic transducers and the position of the simulation fuel rods was as shown in Figure 10. Next, the 
5 results obtained when ultrasonic wave cleaning was performed under the condition that the irradiating faces of ultra- 
sonic transducers 1 1 1 are at 45° with respect to the side faces of fuel assembly 105 will be described. Fig. 1 1 shows 
the results of comparing the fuel rod cleaning effect in the corner region when the ultrasonic waves are incident from 
the 45° direction with the cleaning effect obtained when they are incident from the perpendicular direction (comparison 
taking the cleaning effect of the corner-region fuel rods designated by the symbol: black circle, when cleaned by irradi- 
10 ation with ultrasonic waves from the 90° direction, as 1 ). 

The test conditions were the same as the conditions mentioned above: ultrasonic transducers used: frequency 26 
Hz, output 600 W/transducer, 2 transducers (perpendicular 2-face irradiation); irradiation distance (distance from the 
outside surface of the corner of the channel box to the ultrasonic transducer irradiating surface): about 70 mm (distance 
when a channel box of irradiation distance 100 mm under perpendicular irradiation was rotated through 45° ); Simula- 
15 tion water depth 6 m; cleaning time of 3 min. It is clear from these results that, in order to clean off crud adhering to the 
fuel rods at the corner of fuel assembly 1 1 1 with high efficiency, it is much more effective to perform cleaning by direct- 
ing the ultrasonic waves onto the channel box from an angle of 45° rather than from the perpendicular direction. The 
reasons for this are believed to be that, in the case of ultrasonic wave irradiation at 45 °, the corner region of fuel assem- 
bly 105 is located at the middle of ultrasonic transducers 111, where the ultrasonic wave intensity is high, and, com- 
20 pared with the parallel positional relationship, the corner region is closer to ultrasonic transducers 111. Ultrasonic waves 
can therefore pass through the channel box more readily and as a result the efficiency of crud cleaning is increased. An 
effective means of cleaning, with high efficiency and uniformity, the whole of a fuel assembly 105 with a channel box 
106. constituting a square-shaped tubular body which is the item to be cleaned, still fitted is therefore a combination of 
the method of arranging the side face of fuel assembly 105 and the irradiation face of ultrasonic transducers 1 1 1 in par- 
rs allel for cleaning fuel rods positioned in the middle of fuel assembly 1 1 so that the ultrasonic wave are incident from the 
perpendicular 90° direction, and the method of arranging the side face of fuel assembly 105 and the irradiation face of 
ultrasonic transducers 1 1 1 at 45° so that the ultrasonic waves are incident from 45°. 

Next, the reasons why, as the ultrasonic wave reflecting structure of ultrasonic transducers unit 1 1 1 mounted on 
ultrasonic transducer translating mechanism 110, a steel housing cover 127 is provided covering all of the ultrasonic 
30 transducers, will be described. When ultrasonic waves are incident from the perpendicular (90° direction) with respect 
to channel box 106 from outside fuel assembly 105 with a zircalloy channel box 106 still fitted, the fraction (D) of ultra- 
sonic waves which pass through channel box 106 can be found by the following formula: 

D= 1/{4cos 2 (2*L/lambdal) + {Z0/Z1 +Z1/Z0) 2 • sin 2 (2nMambdal)} 

35 

In this expression, L is the channel box thickness, lambdal is the wavelength of the ultrasonic waves in the channel 
box, z is the characteristic acoustic impedance, and the subscript 0 represents cleaning liquid (water) while the sub- 
script 1 represents the channel box. When ultrasonic waves of frequency 26 Hz are used, the proportion of ultrasonic 
waves passing through channel box 106 is about 50%; the remaining ultrasonic waves are reflected towards the pool 

40 periphery without passing through channel box 106. These reflected ultrasonic waves are diffused and attenuated at 
the pool periphery. The ultrasonic waves which were conventionally wasted can therefore be utilized more effectively by 
the provision of means to reflect the ultrasonic waves reflected from channel box 106 back again at steel housing 127 
in the direction of channel box 106 so that they are again incident on channel box 106, by covering the periphery of 
ultrasonic transducers 1 1 1 (including in the vertical direction) by an ultrasonic wave reflecting structure constituted by 

45 steel housing 127. Thus by covering the ultrasonic wave reflecting region by ultrasonic wave reflecting structure 127, 
diffuse reflection of the ultrasonic waves can be repeatedly carried out within ultrasonic wave reflecting structure 127, 
i.e., between the ultrasonic transducers and channel box 106. This enables cleaning efficiency to be raised since the 
ultrasonic waves can be utilized more effectively than hitherto. 

To verify the benefit of providing ultrasonic wave reflecting structure 127, Fig. 12 shows the results of ascertaining 

so the difference in cleaning efficiency depending on whether or not a steel housing 127 for ultrasonic wave reflection is 
provided (in this case a housing with a stainless steel square cover of thickness 0.5 cm was used). (In the comparison, 
the cleaning effect when no steel housing was fitted was taken as 1). The test conditions were the same as hitherto: 
ultrasonic transducer frequency: 26 Hz, output 600 W/transducer, 2 transducers (perpendicular 2-face irradiation); irra- 
diation distance (distance from the outside surface of the channel box to the ultrasonic transducer irradiating surface): 

55 100 mm; simulation water depth 6m; cleaning time: 3 min. These results confirm that fuel rod cleaning efficiency can 
be raised by covering ultrasonic transducers 1 1 1 by a steel cover 127 constituting an ultrasonic wave reflecting struc- 
ture. They show that the provision of ultrasonic wave reflecting structure 127 is an effective means of cleaning a plurality 
of fuel rods inside fuel assembly 105 with better efficiency since it increases the amount of ultrasonic waves which pass 
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through channel box 106 by enabling ultrasonic waves, some of which are reflected from channel box 106 of fuel 
assembly 105, to be reflected again towards fuel assembly 105 within the ultrasonic reflecting structure constituted by 
steel housing 127. It should be noted that although a square steel housing was employed as steel housing 127, there 
would be no problems at all if it were in particular cylindrical in shape, for example. 

5 Next, regarding the thickness of steel housing 127 which constitutes the ultrasonic wave reflector, if stainless steel 

is used, from the above formula, when the thickness is 0.1 cm about 20% of the ultrasonic waves thrown back by the 
channel box can be reflected; if the thickness is 0.5 cm, about 80% can be reflected, and if it is 1 cm, about 95% can 
be reflected. It can therefore be seen that if the thickness of steel housing 127 is made at least 0.5 cm, 80% or more of 
the ultrasonic waves can be reflected, enabling the ultrasonic waves to be efficiently utilized. 

10 Next, the reasons why an ultrasonic wave leakage preventing structure 131 is in turn arranged outside steel hous- 
ing 127 provided with the object of reflecting the ultrasonic waves, covering this entire steel housing, will be described. 
As described above, steel housing 127 which reflects the ultrasonic waves serves to ensure that the ultrasonic waves 
are effectively utilized by reflecting back again to channel box 106 ultrasonic waves which are reflected by channel box 
106. However, as mentioned above, it is not possible for the ultrasonic waves to be completely reflected by steel hous- 

15 ing 1 27, so some of the ultrasonic waves which strike steel housing 127 in fact pass through steel housing 1 27 and are 
diffused at the periphery of pool 101. A lot of used fuel etc. is stored in pool 101, and there is some anxiety that pool 
water 102 may be contaminated by spalling of solids adhering to such used fuel if it is struck by ultrasonic waves. It 
therefore becomes extremely important to ensure that ultrasonic waves passing through steel housing 127 have no 
adverse effect on fuel stored at the periphery of pool 101. 

20 To prevent this ultrasonic wave leakage, the method has been considered of preventing the passage of the ultra- 
sonic waves by means of a lattice structure (e.g. stainless steel wire mesh) having a smaller pitch than the wavelength 
of the ultrasonic waves (in the case of 26 Hz, the wavelength in water is 50 - 60 mm). It has been established by exper- 
iment that the pitch of wire mesh capable of providing an effective countermeasure to leakage of ultrasonic waves of 
frequency 26 Hz is 1 - 3 mm, with a wire diameter in the range 0.25 * 0.5 mm. By arranging wire mesh 131 having an 

25 ultrasonic wave leakage prevention function around the entire circumference of steel housing 127, the intensity (sound 
pressure level) of the ultrasonic waves which leak and diffuse into the periphery of pool 101 can be reduced by a factor 
of 1/25 to 1/75. This enables safety and reliability to be raised by solving the problem of leakage and diffusion of ultra- 
sonic waves onto used fuel etc. stored at the periphery of pool 101 . 

Next, the reasons for providing a device for raising the static pressure of pool water 102 flowing into channel box 

30 1 06 of fuel assembly 105 will be explained. Cleaning techniques based on ultrasonic waves make use of cavitation (the 
phenomenon of pressure collapse of small cavities generated in the liquid) etc. produced by generation of ultrasonic 
waves in liquids. Cavitation is expressed as shown in Fig. 13. Ultrasonic waves are compressing waves and generate 
negative pressure if their amplitude exceeds the static pressure. However, since negative pressure does not exist, a 
force acts tearing the liquid apart to generate a vacuum (cavity in the liquid in which solution is evaporated), which col- 
ds lapses with the subsequent compression. This is called "cavitation". 

With this collapse, local flow (microjet) of the adjacent liquid is produced. Solids adhering to the fuel are separated 
by this cavitation and/or microjets occurring in the neighbourhood of the fuel rod surface layer. Regarding such cavita- 
tion and microjets, if the static pressure of the liquid in the cleaning region (location where the cavitation is generated) 
is raised i.e. the external pressure is raised, the speed of pressure collapse of the cavities when these collapse is 

40 increased, and this also raises the speed of the microjet flows. As a result, if these are generated in the vicinity of the 
surface layer of the fuel rods, a large spalling force can be applied to the solids adhering to fuel rods. Consequently, by 
raising the static pressure of the cleaning zone in fuel assembly 105 in channel box 1 06, powerful cavitation can be gen- 
erated, making it possible to remove more strongly adhering solids than hitherto and so enabling a cleaning device of 
better cleaning efficiency to be provided. 

45 Raising of the static pressure of the cleaning zone of fuel assembly 105 in channel box 106 is performed by adjust- 
ing the degree of opening of adjustment valve 1 30 which is arranged at the bottom end outlet of fuel assembly 1 05 and 
feed pump 129 arranged in part of manifold 123 for feeding pool water 102 connected to the top of fuel assembly 105. 
The pressure in fuel assembly 1 05 is raised by feed pump 1 29 by adjusting the inflow rate by means of adjustment valve 
1 30, which is arranged at the bottom end of fuel assembly 1 05, fuel assembly 1 05 constituting the delivery side of feed 

so pump 129. The set pressure can be verified by arranging a pressure meter (not shown) on this line. The static pressure 
in channel box 106 can easily be raised by this means. 

Next, the reasons for introducing pool water 102 of low dissolved gas concentration into channel box 106 of fuel 
assembly 105 will be described. The principles of the cleaning with ultrasonic waves are as already described. Specif- 
ically, ultrasonic waves make use of cavitation etc. Consequently, if the cleaning liquid contains a lot of dissolved gas, 

55 this presents an obstacle to the generation of strong cavitation (vacuum condition) such as will not give rise to bubbles 
of the gas dissolved in the cleaning liquid at the instant when pressure is reduced. Therefore, in order to obtain a large 
cavitation force, to generate powerful cavitation it is important to use ultrasonic transducers 1 1 1 which produce a suffi- 
ciently strong output density (at least 1 W/cm 2 ) and to employ cleaning liquid pool water of low dissolved gas amount. 
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Crud adhering to the fuel rod surfaces can thereby be more effectively removed. 

On examining the amount of dissolved gas (typically, the oxygen concentration) contained in the pool water of the 
fuel pool of the atomic power plant, it was found that the concentration of dissolved oxygen contained in poo! water 102 
in the region of the pool bottom was about 1/2 the dissolved oxygen concentration contained in the pool water at the 
pool surface layer. In this case powerful cavitation can therefore be generated in the vicinity of each of the fuel rods by 
supplying pool water 102 from pool bottom region 125 into channel box 106. Thus, this can be said to be an effective 
means for cleaning fuel assembly 105 with higher efficiency. Furthermore it is possible to get a reliable grasp of the 
cleaning condition since the concentration of dissolved oxygen contained in the feed water can be constantly monitored 
by providing a dissolved oxygen meter 126 at some location on this water supply line. 

In the above, as an example of a square-shaped hollow item, the case was described of cleaning a fuel assembly 
with a channel box still fitted. However, if, instead of a fuel assembly (channel box about 140 mm square, sheet thick- 
ness about 2.5 mm, length about 4 m) with channel box still fitted, the subject of cleaning is chosen to be a fuel rack 
unit tube (about 170 mm square, sheet thickness 6 mm, length about 4 m) occurring in construction work etc. and hav- 
ing the same structure, solids adhering to the inside surface of the fuel rack unit tube can likewise be removed in a uni- 
form manner and with high efficiency. 

The following benefits can be obtained with this embodiment. 

1. First of all, by irradiating the fuel assembly or fuel rack with channel box 106 still fitted, which is the square- 
shaped hollow Hern in this embodiment, with ultrasonic waves from the outside, solids such as strongly adhering 
crud adhering to the inside surface of the plurality of fuel rods 1 15 or fuel rack within channel box 106 can be 
cleaned away with higher efficiency than conventionally. 

2. Also, since the operation of removing channel box 106 for cleaning the fuel assembly is unnecessary, the clean- 
ing operation becomes much easier and the number of workers engaged can be reduced, thereby enabling the 
exposure dose associated with the task to be reduced. 

3. Moreover, since there is never any need to manipulate fuel assembly 1 05 with channel box 1 06 removed, the risk 
of damaging fuel rods 1 15 is greatly reduced. 

4. Furthermore, in this embodiment, the wash chamber which was conventionally required is unnecessary. In fact, 
in this invention, channel box 106 or the fuel rack itself performs the function of the conventional wash chamber. 
Consequently the device as a whole is simplified and made more compact. This is extremely beneficial from the 
standpoints of ensuring sufficient space and of cost. 

5. In addition to elimination of the wash chamber, this invention provides cleaning with the channel box still fitted in 
position. There is therefore no direct contact between the ultrasonic transducers and radioactive solids. The quan- 
tity of radioactive waste generated can therefore be greatly reduced. 

6. Also in the case of this embodiment the irradiation conditions of ultrasonic transducers 1 1 1 (ultrasonic wave irra- 
diation angle, ultrasonic wave reflecting structure, increase in static pressure of the cleaning unit, and concentration 
of dissolved gas in the cleaning liquid) are set to optimum conditions,.so removal of solids such as radioactive crud 
from square-shaped hollow items can be performed most effectively. 

7. Moreover, the quantity of ultrasonic wave leakage and diffusion at the periphery of the pool during cleaning can 
be greatly reduced so there is no adverse effect of any kind on fuel located at the periphery, thus enabling safety 
and reliability to be improved. 

As described above, with the ultrasonic cleaning method and device therefor according to this invention, solids 
such as radioactive crud of strong adhesion adhering to the square-shaped hollow item to be cleaned, can be cleaned 
away safely and with high efficiency. 

Numerous modifications and variations of the present invention are possible in light of the above techings. It is 
therefore to be understood that, within the scope of the appended claims, the present invention can be practiced in a 
manner other than as specifically described herein. 

Claims 

1. Ultrasonic cleaning apparatus for cleaning a fuel assembly (105) which is contained in a channel box (106), the 
apparatus comprising 

ultrasonic transducer means (1 1 1) for directing ultrasonic waves towards the assembly (105); 
a support member (107 - 109) for supporting the assembly (105); 

an ultrasonic transducer translating mechanism (1 10) which moves said ultrasonic transducer means (1 1 1) in 
an axial direction relative to the assembly (1 05) ; 

cleaning liquid supply means (123, 129) arranged to supply cleaning liquid to the assembly (105); 
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cleaning liquid discharge means (116, 118) which discharges the cleaning liquid from the channel box (106); 
characterised in that 

the ultrasonic transducer means comprises a plurality of ultrasonic transducers (111) mounted in an ultrasonic 
wave reflecting structure (127) which reflects ultrasonic waves from the transducers towards the assembly 
s (105); 

and also characterised by means (130) for raising the pressure of the said cleaning liquid in the channel box 
(106). 

2. Apparatus according to claim 1, wherein said ultrasonic wave reflecting structure (127) includes a steel housing 
w having a thickness of at least 0.5cm. 

3. Apparatus according to claim 1 or claim 2 further comprising an ultrasonic wave leakage prevention structure (131) 
which cuts off leakage of ultrasonic waves from the ultrasonic transducers to areas external to the device. 

15 4. Apparatus according to claim 3, wherein said ultrasonic wave leakage prevention structure comprises a stainless 
steel wire mesh enclosure (131). 

5. Apparatus according to any preceding claim, further comprising means for monitoring the oxygen concentration in 
said cleaning liquid. 

20 

6. Apparatus according to any preceding claim, wherein said tube is hollow and has a square cross section. 

7. Apparatus according to any preceding claim, wherein said tube is a nuclear fuel channel box (106). 

25 8. Apparatus according to any of claims 1 to 6, wherein said tube is a nuclear fuel rack unit tube. 

9. Apparatus according to any of claims 1 to 6, wherein said tube accommodates a plurality of nuclear fuel rods (105) 
therein. 

so 10. Apparatus according to any preceding claim, wherein selected ones of said ultrasonic transducers (111) are 
arranged to irradiate ultrasonic waves towards the tube in an approximately 45° direction relative to each side wall 
of the tube. 

11. A method for ultrasonically cleaning a fuel assembly (105) which is contained in a channel box (106), the method 
35 comprising 

circulating cleaning liquid to the assembly (105) under pressure; 
directing ultrasonic waves towards the assembly (105); 
characterised in that 

40 the ultrasonic waves are reflected by an ultrasonic wave reflecting structure (1 27) from the transducers towards 

the assembly (105); 

and also characterised by raising the pressure of the said cleaning liquid in the channel box (106). 



45 



Patentanspruche 

1. Ultraschallreinigungsvorrichtung zum Reinigen einer Brennelementanordnung (105), die in einem Kanal-Kasten 
(106) enthalten ist, wobei die Vorrichtung aufweist: 

eine Ultraschallwandlereinrichtung (111), um Ultraschallwellen in Richtung auf die Anordnung (105) zu lenken; 
so eine Halteeinrichtung (107-109), um die Anordnung (105) zu halten; 

einen Ultraschailwandler-Verfahrmechanismus (1 10), mit Hilfe dessen die Ultraschallwandlereinrichtung (111) 
in axialer Richtung relativ zu der Anordnung (105) bewegt wird; 

Reinigungsflussigkeits-Zufuhreinrichtungen (123, 129), die dazu ausgestaltet sind, um der Anordnung (105) 
Reinigungsf lussigkeit zuzufuhren; 
55 Reinigungsf lussigkeits-Abfuhreinrichtungen (1 16, 1 18), mittels derer die Reinigungsf lussigkeit aus dem Kanal- 

Kasten (106) abgefuhrt wird; 

dadurch gekennzeichnet. daB 
die Ultraschallwandlereinrichtung eine Anzahl von Ultraschallwandlern (111) enthalt, die in einer Ultraschall- 
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wellen reflektierenden Einrichtung (127) angebracht sind, mittels derer Ultraschallwellen von den Wandlern in 
Richtung auf die Anordnung (105) reflektiert werden; 

und auBerdem gekennzeichnet durch eine Einrichtung (130), urn den Druckder Reinigungsflussigkeit in dem 
Kanal-Kasten (106) zu erhOhen. 

5 

2. Vorrichtung nach Anspruch 1 , bei dem die Ultraschallwellen reflektierende Einrichtung (127) ein Stahlgehause mit 
einer Wandstarke von zumindest 0,5 cm aufweist. 

3. Vorrichtung nach Anspruch 1 Oder Anspruch 2, die auBerdem eine Ultraschallwellen-Austrittsverhinderungsein- 
10 richtung (131) aufweist, mittels derer das Austreten von Uttraschallwellen von dem Ultraschallwandler in auBerhalb 

der Vorrichtung gelegene Bereiche verhindert wird. 

4. Vorrichtung nach Anspruch 3, bei der die Ultraschallwellen-Austrittsverhinderungseinrichtung eine Drahtgitterhulle 
aus nichtrostendem Stahl (131) aufweist. 

15 

5. Vorrichtung nach einem der vorhergehenden AnsprOche, die auBerdem eine Einrichtung zur Gberwachung der 
Sauerstoffkonzentration in der Reinigungsflussigkeit aufweist. 

6. Vorrichtung nach einem der vorhergehenden AnsprOche, bei der die Anordnung hohl ist und einen quadratischen 
20 Querschnitt hat. 

7. Vorrichtung nach einem der vorhergehenden AnsprOche, bei der die Anordnung einen Kanal-Kasten (106) fur ato- 
mare Brennelemente enthalt. 

25 8. Vorrichtung nach einem der AnsprOche 1 bis 6, bei der die Anordnung ein Gestellrohr fur atomare Brennelemente 
enthalt. 

9. Vorrichtung nach einem der AnsprOche 1 bis 6, bei der in der Anordnung eine Anzahl von atomare n Brennstaben 
(105) enthalt en ist. 

30 

10. Vorrichtung nach einem der vorhergehenden AnsprOche. bei der bestimmte Ultraschallwandler (1 1 1) so angeord- 
net sind, urn Ultraschallwellen relativ zu jeder Seitenwand der Anordnung in Richtung von etwa 45° auf die Anord- 
nung abzustrahlen. 

35 11. Verfahren zur Ultraschallreinigung einer Brennelementanordnung (1 05), die in einem Kanal-Kasten (1 06) enthalten 
ist, wobei das Verfahren umfaBt: 

Zirkulieren von unter Druck stehender Reinigungsflussigkeit in Richtung auf die Anordnung (105); 
Lenken von Ultraschallwellen in Richtung auf die Anordnung (105); 
40 dadurch gekennzeichnet, daB 

die Ultraschallwellen von den Wandlern durch eine Ultraschallwellen reflektierende Einrichtung (127) in Rich- 
tung auf die Anordnung (105) reflektiert werden; 

und auBerdem gekennzeichnet durch ErhOhen des Drucks der Reinigungsflussigkeit in dem Kanal-Kasten 
(106). 

45 

Revendications 

1 . Appareil de nettoyage par ultrasons servant a netloyer un assemblage combustible (1 05) qui est contenu dans une 
botte de canalisation (106), I'appareil comprenant : 

50 

des moyens formant transducteurs d'ultrasons (111) pour diriger des ondes ultrasonores vers I'assemblage 
(105) ; 

un element de support (107 - 1 09) pour supporter ('assemblage (105) ; 

un mecanisme de translation de transducteurs d'ultrasons (1 10) qui deplace lesdits moyens formant transduc- 
55 teurs d'ultrasons (111) dans une direction axial e par rapport a ('assemblage (105) ; 

des moyens d'alimentation en liquide de nettoyage (123, 129) prevus pour envoyer te liquide de nettoyage a 
I'assemblage (105) ; 

des moyens de decharge de liquide de nettoyage (1 1 6, 1 1 8) qui dechargent le liquide de nettoyage de la boTte 
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de canalisation (106) , 
caracterise en ce que 

les moyens formant transducteurs d'ultrasons comprennent une pluralite de transducteurs d'ultrasons (111) 
montes dans une structure de reflexion des ondes ultrasonores (127) qui reflechit les ondes ultrasonores 
5 depuis les transducteurs vers lassembiage (105) ; 

et egalement caracterise par des moyens (130) servant a elever la pression dudit liquide de nettoyage dans la 
botte de canalisation (106). 

2. Appareil selon la revendication 1 , dans lequel la structure de reflexion des ondes ultrasonores (127) comprend un 
10 carter en acier ayant une epaisseur dau moins 0,5 cm. 

3. Appareil selon la revendication 1 ou la revendication 2, comprenant en outre une structure de prevention de fuite 
des ondes ultrasonores (131) qui arrete la fuite des ondes ultrasonores depuis les transducteurs d'ultrasons vers 
des zones exterieures au disposal 

75 

4. Appareil selon la revendication 3. dans lequel ladite structure de prevention de fuite des ondes ultrasonores com- 
prend une fermeture en maillage metallique en acier inoxydable (131). 

5. Appareil selon Tune quelconque des revendications precedentes, comprenant en outre des moyens permettant de 
20 control er la concentration d'oxygene dans ledit liquide de nettoyage. 

6. Appareil selon Tune quelconque des revendications precedentes, dans lequel ledit tube est creux et a une section 
transversale carree. 

25 7. Appareil selon Tune quelconque des revendications precedentes, dans lequel ledit tube est une boTte de canalisa- 
tion (106) pour combustible nucleaire. 

8. Appareil selon Tune quelconque des revendications precedentes, dans lequel ledit tube est un tube formant easier 
pour combustible nucleaire. 

30 

9. Appareil selon Tune quelconque des revendications precedentes, dans lequel ledit tube contiertt une pluralite de 
barres de combustible nucleaire (105). 

10. Appareil selon Tune quelconque des revendications precedentes, dans lequel des transducteurs selectionnes 
35 parmi lesdits transducteurs d'ultrasons (111) sont disposes de fagon a envoyer des ondes ultrasonores vers le tube 

selon un angle d'environ 45° par rapport a chaque paroi lateral e du tube. 

11. Precede de nettoyage par ultrasons d'un assemblage combustible (105) qui est contenu dans une boTte de cana- 
lisation (1 06), le procede comprenant les etapes qui consistent a : 

40 

faire circuler un liquide de nettoyage sous pression jusqu'a {'assemblage (105) ; 
diriger des ondes ultrasonores vers rassemblage (105) ; 
caracterise en ce que 

les ondes ultrasonores sont reflechies par une structure de reflexion des ondes ultrasonores (127) depuis les 
45 transducteurs vers ('assemblage (105) ; 

et egalement caracterise par I'elevation de la pression dudit liquide de nettoyage dans la boTte de canalisation 
(106). 



50 
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F I G. 1 (PR I OR ART) 
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FIG. 2 (PR! OR ART) 



13 



EP 0 615 792 B1 




EP 0 615 792 B1 




36- 



36 



35 



FIG. 4 (PR I OR ART) 
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FIG. 5 
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FIG. 6 
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Conditions of arrangement of simulated fuel pins 



« 1.4 
1.2 



c 

CO 
CD 

o 



§ 

CO 

ft 

o 

o 



ultrasonic transducers 
7F 



100mm 



oooo 
oooo 
oooo 
oooo 


oooo 
oooo 
oooo 


oooo 
oooo 
oooo 
oooo 


oooo 
oooo 
oooo 
oooo 



to 
u 

CD 
CJ 

T3 
U 



100mm 



1 1 

ultrasonic waves incident from 90° 



direction with respect to the fuel surface 




1.0 
0.8 
0.6 
OA 
0.2 



0.0 S l € r ' r c ! iff f r n v r r r r\ ir r c r € ■ 

. (A) position (B) position (C) position (D) position 

( (corner region) 

position of fuel rods 
F I G. 1 0 



21 



EP 0 615 792 B1 



Conditions of arrangement of 
simulated fuel pins 



Conditions of arrangement of 
simulated fuel pins 



ultrasonic transducers 



o 



oooo 
oooo 
oooo 
oooo 


•000 

oooo 
oooc 

uuuc 


oooo 
oooo 
oooo 
oooo 


OOOO 

oooo 
oooo 
oooo 



lOOmrr h 



<D 
U 
3 

cn 

S 



1.4 
1.2 



"S 1-0 



0.8 



(0 

a> 
•— i 
o 

•S 0.6 
§ 

to 

B 

o 
o 



0.2 
0.0 



ultrasonic transducers 



90° direction 45° direction 

Direction of incidence of ultrasonic waves 



cn 
u 
a> 
o 

3 

."8 
S 













^^^^^^ 






mm 







F I G. 1 1 



22 



EP 0 615 792 B1 



Conditions of arrangement of simulated fuel pins 
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